The aim of the study is to produce advanced knowledge on the thermal and combustion hazard profiles of ionic liquids based on an original multiscale combined experimental 
Introduction
Ionic liquids (ILs) are advanced chemicals promised by many people to have a brilliant future in a number of strategic applications that might provide a greener future in chemistry and energy related technological developments. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] In particular, key emerging uses in the sector of energy and environmental technologies are regularly reported in the literature. [11] [12] [13] One of main advantage systematically claimed for ILs is their improved operational safety in comparison to conventional solvents. This is based on their negligible vapour pressure and most often misleadingly reported "non flammability", not only in manufacturer commercial literature, but also in scientific journals. Indeed, the flammability (or non flammability property) of a given material must always be related to specific conditions prevailing during We must also keep in mind that ILs cover a very wide range of chemicals, numbering in millions if not more 16 and that some ILs may be tuned as to be combustible by design. 17 Additionally, authors of this manuscript have reported elsewhere why, in the case of ILs, the measurement of flash point do not reflect their actual flammability potential. 18 Indeed, other limits of the flash point criterion is bound to the fact that in apparatus developed to measure flashpoint, the flammability is implicitly related to the flaming combustion of a mixture or the vapour phase of the studied liquid and air, which is not necessarily the phenomenon observed with ILs. At last, whatever is the retained method to rate a material as a "non flammable" material, this does not mean that it should be considered as "non combustible" and consequently does not imply that the material in question is 100% safe to use near heat or fire sources. As it was reported by Smiglak, 17 decomposition products from the thermal decomposition of ILs may be highly and purposely combustible, and indeed, others have seen this as well. [19] [20] [21] [22] Furthermore, due to the variety of chemical structures available with ILs, noxious emissions resulting from free burning of these materials could reveal far more different and possibly more exotic as those generated from combustion of existing organic solvents that ILs seek to replace. Clearly there is much more to be studied on these materials and most likely, different tests will be needed to assess the fire hazard of ILs in laboratory and industrial settings. Just as new technologies entering the workplace and home have resulted in new fire standards, very likely ILs will require different fire tests to certify them as safe or of acceptable risk in laboratory and industrial fire risk scenarios.
The present work is a continuation of our previous research to (i) quantify the heat release of ILs; (ii) provide theoretical and experimental data that can quantify the flammability of ILs in all its aspects (ease of ignition, mass burning rate, heat release rate, fire-induced toxicity data...); (iii) provide first guidance to fire safety engineers about how to handle this material in their assessments. Through the use of heat of combustion measurements, pyrolysis combustion flow calorimetry, and the fire propagation apparatus, we show that not all ILs have the same levels of heat release/flammability even though they may have similar predecomposition thermal properties.
Materials and methods

Ionic liquids
Samples of Imidazolium-Based Ionic Liquids (IMBILs) associated with different counteranions were kindly supplied by BASF, respectively under the generic brand commercial names Basionics. Samples of a second family of Phosphonium-based Ionic Liquids (PBILs) associated with different counter-anions were also made available to the laboratory for testing, due to courtesy of the CYTEC Company. Designations of materials and information on their technical grades are given in table 1. Schematic representations of all the studied ILs are in addition shown in figure 1 . Experimental tests were performed on the products as received, without any further purification step. 
Oxygen Bomb calorimetry
where W is the energy equivalent of the calorimeter obtained from the calibration; ΔT is the temperature rise; HHV paraffin , m paraffin and m IL are the gross heat of combustion, weight of paraffin and IL, respectively. Three replicates are performed for each sample, and the typical relative error was less than 0.20%.
Microscale Combustion Calorimetry
The microscale combustion calorimeter also known as Pyrolysis Combustion Flow Calorimeter (PCFC) 24 is a new small-scale instrument and standardized method (ASTM D7309-07) 25 for measuring at small scale the heat release from combustible materials via oxygen consumption calorimetry. Samples in the range of 5-50 mg in size are sufficient, making it a potent technique for quantification of material flammability without consuming large amounts of material. Indeed, with the PCFC, one can obtain fundamental heat release data for a material (originally for plastics) as a function of its chemical structure, and can study the heat release rate vs. temperature, as well as the actual heat of combustion behaviour for a wide range of material flammability studies, as related in many works. [26] [27] [28] [29] [30] The samples provided by CYTEC were tested with the microscale combustion calorimeter using a heating rate of 1°C per second, from 100 to 700°C using Method A of ASTM D7309-07. The working principle of the instrument is illustrated in figure 2 . The sample is pyrolyzed under nitrogen atmosphere initially, and the gases from pyrolysis zone are pushed into a 900°C furnace, where they are combusted in the presence of oxygen. Each sample was run in triplicate as per the standard to evaluate reproducibility of the flammability measurements.
Fire Propagation Apparatus (Tewarson Calorimetry)
The fire behaviour of ILs was performed using the Repeatability and reproducibility of data count among the major advantages of the equipment 37 together with its capacity of revealing atypical fire phenomena, like-liquid phase decomposition process of organophosphorous pesticides. 38 In particular, parametric tests on product samples of about 50 g under controlled air intake allow for characterizing fire behaviour of the studied material or product (liquid, solids, gases) on the full spectrum of fire conditions (fuel rich or fuel lean). Scientific-sound diagnosis of the fire behaviour of materials is achieved thanks to the access to key measures such as mass loss, HRR by application of fire calorimetry laws based on the assessment of oxygen consumption (OC) 39 and carbon dioxide generation (CDG), 40 measurements of fire effluent concentrations and related emission yields allowing for an evaluation of pollutants and fire toxicity issues.
In this study, preliminary tests were performed in order to choose the most suitable operating conditions, according to ignitability and fire propagation conditions. IL samples (50-65 g) 
First order assessment of fire-induced toxicity
The toxicity assessment of combustion products involving ILs in accidental pool fires is provided here by means of a simplified model of dispersion of pollutants in a confined environment and illustrated in a theoretical case study. We consider a pool fire of an IL with a given surface S (m 2 ) developing in an enclosure of volume V (m 3 ). The room is subject to a constant air renewal rate corresponding to an inlet flow rate Q (Nm 3 /h), as illustrated in figure 4 . In this configuration, we assume that the pollutants are evenly distributed in the entire room (which means the assumption that the room behaves as a well mixed reactor) .
With such simplified assumption, the evolution of concentration Cp (mg/Nm 3 ) of a pollutant p is then given by equation (2): (2) where P p and C in are the rate of produced pollutant p (expressed in mg/h) and the inlet concentration of pollutant p (expressed in mg/Nm 3 ), respectively. Thus, if we may assume P p as a constant against the time interval of interest, equation (2) can be solved as a system of differential equations of first order in C(t), and hence, concentration versus time between final and initial conditions may be expressed by equation (3):
However, combustion conditions change continuously with time. Thus, we have considered time intervals, in consistency to periodicity of data acquisition scans to discretize equation (3) and use results obtained for concentration of pollutant p as initial conditions for the implementation of the calculation of the concentration of same pollutant on the next interval.
Assuming that fresh air is blown into the room free of considered pollutants and, at time zero the concentration of pollutant p in the room is zero, the calculations lead to the following equation, for each pollutant:
where τ (h In practice, Fractional Effective Dose (FED), respectively Fractional Effective Concentration (FEC), are computed for considering asphyxiant effects, respectively irritant effects of fire gases, assuming a dose effect for asphyxiants and a concentration effect for irritant gases, as referred to in the latest version of ISO 13571. 41 Corresponding parameters, X FED and X FEC can be obtained from the evolution of pollutant concentrations in the room using equation (5) 
Critical values used here in equation (5) and equation (6) refer to escape impairment that is supposed reached for X FED or X FEC equal to 1 for ordinary sensitive people.
Results and discussion
Complete heats of combustion
The results obtained for all tested ILs by use of the oxygen bomb calorimeter are given in 
Pyrolysis Combustion Flow Calorimetry data
Typical results from the PCFC focus on heat release measurements and the results that were recorded from each of the materials are shown in table 3. The data in the table covers the following measurements:
Char yield: this is obtained by measuring the sample mass before and after pyrolysis.
The higher the char yield, the more carbon/inorganic material left behind. As more carbon is left behind, the total heat release should decrease.
HRR Peak(s): this was the recorded peak maximum of HRR found during each experiment. The higher the HRR value, the more heat given off at that event. This value roughly correlates to peak heat release rate that would be obtained by the cone calorimeter (ISO 5660), or by the Tewarson Apparatus. Where more than one number is shown in table 3, this indicates that the heat release is a multi-peak heat release, which would be due to multi-step thermal decomposition of the PBILs.
HRR peak(s) Temperature: this correspond to temperatures at which the HRR peaks are observed.
Total HR: this is the total heat release for the sample, which is the area under the curve(s) for each sample analysis.
Char notes: description of the sample residues collected from each test.
From the data in peak HRR values when compared to the DCA which may come from the evolution of fluoride and sulphur oxides in the TFSI. Ultimately, each of these ILs has its own flammability as dictated by its chemical structure and so some of these results will be useful to mapping out chemical structure / heat release properties appropriate for ILs, as has been done already for polymers via PCFC. 42 It should be noted here that the PCFC results measure the heat release of the material when the PBILs is pyrolyzed/thermally decomposed under an inert atmosphere followed by a subsequent combustion in a furnace where oxygen in present. The significance of this is that in a real fire event, a material only encounters oxygen prior to ignition. Once a material is ignited, all oxygen is consumed at the flame front. This means that post ignition, all flammable material is pyrolyzed and decomposed in an anaerobic manner. Since the PCFC mimics this real fire behaviour (anaerobic thermal decomposition followed by flame front oxidation), the PCFC can provide a realistic measurement of how much heat release could be given off as the material burns. Indeed, some of the results seen here match some of the observations seen in the FPA (section 3.3) in that PBILs did char, even under forced combustion conditions. PCFC alone is not enough to understand IL flammability, but it is a useful tool and since it only consumes 5-10 mg of material per test, it can be a further useful tool for assessing heat release potential at low cost and low consumption of sample, at a an early stage of ILs development. Pollutants yields (mg of gas/g of sample)
Fire propagation apparatus tests
Carbon, chlorine, fluorine, sulphur and nitrogen conversions efficiency into related combustion products (%).
The data and the observation made during the tests confirm generally good resistance to ignition of ILs, according to ignition time requested under applied external heat flux in initial phase of the tests (50 kW/m 2 ). However, once ignition was obtained sustained and flaming combustion phases were observed and characterized, and confirming real combustibility of all the ILs tested as anticipated from oxygen bomb and PCF calorimetry. Once ignited and provided with sufficient heat, ILs will burn and cannot be considered any longer as "non- 
Fire induced Toxicity examination of burning ILs
Data obtained by performing combustion tests in the Tewarson calorimetry (i.e. time to ignition, burning rate, actual heat release rate and emission factors of pollutants) can be used as "source term" information allowing to a researcher to perform contextual assessment of risks pertaining to ILs in the real world. Although tremendous progress has been achieved in that domain of fire safety science, such an evaluation remains a complex issue that requires careful consideration of risk assessment objectives, access to reliable input data, and appropriate selection of modelling tools. Therefore an in-depth examination of this issue is considered out of the scope of this paper. Nevertheless, by considering a fictive case study here as a pedagogic material, we develop hereafter how the combustion data obtained by use of the FPA can be used to address fire induced toxicity issues, in terms of fire safety engineering practice. We consider a case study where a given IL is used in a batch reactor.
The following assumption is a worst case fire scenario of likely occurance is the burning in have been computed and plotted in figure 9 and figure 10, respectively, for IMBILs and PBILs.
Although these trends are illustrated for a fictive case study, with basic assumptions that have limited validity, the curves showing the evolution of FED and FEC indices reveal how the users of our experimental methodology may use the data in order to render the use of the given ILs safer. First observation of figure 9 and figure 10 at first illustrates that the fireinduced toxicity potential may clearly differ from one IL to another, due to differences in combustion rates and in nature and rates of fire product releases. In this fictive scenario, the fire one involving the studied ILs examined as the described worst case leads to production of irritant gases in such quantities that fractional effective concentration rises over the critical threshold value for after a few minutes, whichever the air renewal rate is, for both for the Detailed comparison however shows that the emergency situation would occur sooner or later according to type of IL considered, possibly allowing different fire safety management strategies (smoke gas protection, emergency escape training, pre-planned intervention procedures...) or in some cases requesting a review of the process in order to diminish the seriousness of the ultimate worst case scenario. Dealing with the asphyxiants gases (limited here to HCN and CO), concerned toxic compounds evolution versus time and relating fractional effective dose is significantly affected by the air renewal rate up to the point to offer a possibility to handle the situation in some cases by increasing the ventilation rate of the building in case of a fire, or by setting a high but still reasonable air renewal rate (up to 10 V/h). Indeed, in the considered case study, large air renewal rate may impede the toxic threat resulting from the emission of asphyxiants from burning IMBILs to become ever critical (X FED always below 1) whereas for the PBILs, large renewal rates offer significantly higher evacuation time before escape impairment.
As a reminder, the present exercise has been provided just for illustrating how our experimental approach may help the user to consider safe use of ILs including the way fireinduced toxicity may be taken into consideration. It only gives trends on this latter aspect, as the integral modelling approach based on the use of equations (2) to (6) is very simplistic and considers assumptions that very rapidly find their validity limits. Actual evaluation of fire toxicity issue into the building would require tools to proceed to compartment fire modelling (integrating cold and hot smoke layers and fire plume), relying on the use of a fire risk dedicated zone models like Computational Fluid Modelling. Indeed, for such an exercise, same date qualifying the "source term" of fire gases emission characteristics would serve as input data, whereas Q in and Q out would results as output calculations or resulting from boundary conditions.
Conclusion
In this paper, we have shown that the innovative experimental approach resulting from the combined use of three techniques, namely the oxygen bomb calorimetry, the pyrolysis flow calorimetry and the fire calorimetry based on the operation of the Fire Propagation Apparatus, allows for the provision of very useful and consistent information regarding many aspects of flammability of ILs that can in turn feed contextual fire risk analysis for given IL applications. 
